Although the etiology of autism remains largely unknown, cytogenetic and genetic studies have implicated maternal copy number gains of 15q11 -q13 in 1 -3% of autism cases. In order to understand how maternal 15q duplication leads to dysregulation of gene expression and altered chromatin interactions, we used microcell-mediated chromosome transfer to generate a novel maternal 15q duplication model in a human neuronal cell line. Our 15q duplication neuronal model revealed that by quantitative RT -PCR, transcript levels of NDN, SNRPN, GABRB3 and CHRNA7 were reduced compared with expected levels despite having no detectable alteration in promoter DNA methylation. Since 15q11 -q13 alleles have been previously shown to exhibit homologous pairing in mature human neurons, we assessed homologous pairing of 15q11 -q13 by fluorescence in situ hybridization. Homologous pairing of 15q11 -q13 was significantly disrupted by 15q duplication. To further understand the extent and mechanism of 15q11 -q13 homologous pairing, we mapped the minimal region of homologous pairing to a ∼500 kb region at the 3 ′ end of GABRB3 which contains multiple binding sites for chromatin regulators MeCP2 and CTCF. Both active transcription and the chromatin factors MeCP2 and CTCF are required for the homologous pairing of 15q11 -q13 during neuronal maturational differentiation. These data support a model where 15q11 -q13 genes are regulated epigenetically at the level of both inter-and intra-chromosomal associations and that chromosome imbalance disrupts the epigenetic regulation of genes in 15q11 -q13.
INTRODUCTION
Autism spectrum disorders (ASDs; MIM 209850) include a complex group of neurodevelopmental disorders characterized by impairments in reciprocal social interactions, problems in communication and a restricted range of behaviors and interests. ASD affects individuals of all socio-economic and cultural backgrounds and has a prevalence of 6 per 1000 individuals, with males affected four times more frequently than females (1, 2) . There is compelling evidence for a genetic etiology of ASD from twin studies that have shown high concordance between monozygotic twins (3) (4) (5) . To date, cytogenetic studies have identified a number of pathogenic chromosomal anomalies in ASD patients (1) . In addition, current microarray-based technologies have enabled the detection of submicroscopic microdeletions and microduplications [copy number variations (CNVs)] and revealed that submicroscopic CNVs can have a pathogenic role in ASD as well (3, 4) . Human chromosome 15q11-q13 is frequently involved in clinically important genomic rearrangements, including interstitial deletions, duplications and supernumerary marker chromosome, called isodicentric chromosome (idic) (5) . After fragile X, maternal 15q11-q13 duplications are the most common cytogenetic cause of autism, occurring in 1-3% of individuals with ASD (6) (7) (8) (9) . A recent analysis of 10K single-nucleotide polymorphism data identified 15q11-q13 CNVs in 17 of 1749 autism patients (10) . * To whom correspondence should be addressed. Tel: +81 762652775; Fax: +81 762344537; Email: sihorike@staff.kanazawa-u.ac.jp # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com Genomic imprinting is an epigenetic mechanism that establishes parent-of-origin-specific gene expression patterns. Deletions of 15q11-q13 on the paternal chromosome 15 cause Prader -Willi syndrome (PWS; MIM 176270), whereas maternal deletions cause Angelman syndrome (AS; MIM 105830) (11) . Parental differences in DNA methylation at imprinting control regions have a crucial role in genomic imprinting of 15q11 -q13, as well as differences in DNA replication timing, histone modifications, chromosome nuclear organization and mitotic recombination frequencies (12) . However, despite progress in molecular characterization of 15q11 -q13 rearrangements and imprinting mechanisms, the molecular pathogenesis of the autism phenotype resulting from maternal 15q11 -q13 duplications remains largely unknown. The ubiquitin E3 ligase gene UBE3A is the primary candidate gene presumed to be dysregulated in 15q duplication syndrome because of imprinted maternal expression in the brain. In particular, UBE3A has been analyzed due to its role in AS, its pattern of imprinting and its biological function (13 -15) . However, 15q11 -q13 duplications also include the cluster of three gamma-aminobutyric acid A receptor (GABA A R) subunit genes (GABRB3, GABRA5, GABRG3) and paternally expressed genes implicated in splicing (SNRPN), circadian rhythm (MAGEL2), respiration (NDN) and nucleolar function (HBII85, HBII52) (16, 17) . While increased copy number of 15q11-q13 was predicted to increase expression of the maternally expressed UBE3A and biallelically expressed genes such as GABRB3 and GABRA5, prior investigation of an idic15 brain sample with PWS-like features instead showed reduced levels of GABRB3, GABRA5, GABRG3, SNRPN, HBII85 and HBII52 (18) . The striking parent-of-origin pattern of inheritance for 15q11 -q13 rearrangements has led to the hypothesis that higher order epigenetic dysregulation of transcription within this region may be involved in ASD.
The higher order, inter-chromosomal association of homologous pairing of maternal and paternal alleles of 15q11 -q13 was originally described in lymphocytes and predicted to regulate maintenance of imprinting in the locus (19) . Homologous pairing of 15q11 -q13 was shown to occur in neurons and be deficient in brains of individuals with Rett syndrome (RTT; MIM 312750), autism and maternal 15q duplication (18, 20) . Although these observations raise the possibility that homologous pairing of 15q11 -q13 is an important spatial organization modulating neuron-specific transcripts within the paired regions, the mechanisms of homologous pairing and its effects on gene expression within the paired regions in neurons has not been previously determined.
Here, we made use of microcell-mediated chromosome transfer (MMCT) technology to generate a 15q11 -q13 maternal duplication model in a human neuronal cell line. Using this MMCT method, a maternal copy of human chromosome 15 was successfully transferred into human SH-SY5Y neuronal cells. Our experimental models of 15q duplication syndrome recapitulated the reduced levels of several transcripts resulting from increased maternal 15q11 -q13 dosage previously observed in the brain as well as the reduced homologous pairing. We further show that the chromatin regulators MeCP2 and CTCF are required for the homologous pairing of 15q11 -q13 during neuronal differentiation. These results provide insight into the inter-and intra-chromosomal spatial interactions influencing 15q11 -q13 transcript levels in neurons and provide support for an epigenetic dysregulation pathway by which 15q11 -q13 duplications may result in ASD.
RESULTS

Establishment of a maternal 15q duplication model by microcell fusion
We have previously established mouse A9 hybrid cells retaining a single human chromosome of defined parental origin for the investigation of imprinted loci in humans (21) . Gene expression and DNA methylation studies demonstrated that the appropriate imprinting status of human loci was maintained in mouse A9 hybrids (22) (23) (24) . In this study, to generate a novel maternal 15q duplication model in a neuronal cell line, a maternal human chromosome 15 was transferred from mouse A9 hybrids into human SH-SY5Y neuronal cells by MMCT (Fig. 1A) . SH-SY5Y cells were selected as a recipient cell line because they can be induced to undergo differentiation within 72 h using PMA, resulting in a morphologic change in the extension of axonal projections and the increased expression of neuron-specific enolase (25) . In addition, SH-SY5Y cells are diploid for most chromosomes (26) . Our PCR-restriction fragment length polymorphism (RFLP) analysis identified 20 independent SH-SY5Y microcell hybrids that contained an extra maternal copy of human chromosome 15, and therefore named SH(15M) cell lines (Fig. 1B) . To further confirm the state of the introduced maternal human chromosome 15 in SH-SY5Y cells, we performed cytogenetic analyses using fluorescence in situ hybridization (FISH) (Fig. 1C) . Finally, we confirmed that introduced maternal chromosome 15 was maintained stably in SH(15M) cell lines under appropriate selection conditions. For further analyses, we selected three independent SH(15M) cell lines that morphologically resembled parental SH-SY5Y cells.
Quantitation of 15q11 -q13 transcripts in a maternal 15q duplication model
To determine the effect of increased maternal chromosome 15 dosage on transcript levels in SH(15M) cells, quantitative RT -PCR was used to measure the levels of eight transcripts at the 15q11 -q13 locus and two non-15q11-q13 housekeeping gene controls, GAPDH and ACTB (Fig. 2A) . The nonimprinted genes CYFIP1 and TJP1 revealed the expected 1.5-fold increase in transcript abundance in all three SH(15M) cell lines ( Fig. 2B and C) . In contrast, expression of non-imprinted GABRB3 and CHRNA7 genes was significantly reduced compared with the parental cell line in all three SH(15M) lines, despite increased 15q11 -q13 dosage ( Fig. 2D and E) . Moreover, paternal expression of NDN and SNRPN transcripts was also significantly reduced despite the increased maternal dosage (Fig. 2F and G) . Furthermore, there was no difference between control SH-SY5Y cells and SH(15M) cells in the levels of maternally expressed UBE3A transcript, even though a 2-fold increase was expected Human Molecular Genetics, 2011, Vol. 20, No. 19 3799 (Fig. 2H ). In addition, another maternally expressed gene, ATP10A, was also significantly reduced despite the increased maternal dosage (Fig. 2I ). While extra copies of genes are expected to result in increased transcript levels, our SH(15M) cell lines recapitulated the direction of transcriptional alterations previously observed in a human brain sample with maternal 15q duplication (18) . We next assessed the DNA methylation status of NDN, SNRPN, UBE3A, GABRB3 and CHRNA7 promoter CpG islands by bisulfite sequencing to determine whether the DNA methylation status of these promoters was correlated with the observed reductions in transcript levels. GABRB3, CHRNA7 and UBE3A promoters in the SH(15M) cells were almost completely unmethylated and appeared similar to those observed in control SH-SY5Y cells (Supplementary Material, Fig. S1A -C) . Similarly, the expected maternal DNA methylation levels were observed for NDN and SNRPN promoter CpG islands in both SH-SY5Y cells and SH(15M) cells (Supplementary Material, Fig. S1D and E). Because these CpG islands are differentially methylated in a parent-of-origin-specific manner, increased DNA methylation levels were expected following chromosome transfer of the methylated maternal allele (27, 28) . A combined bisulfite restriction analysis (29) showed strong concordance with bisulfite sequencing results (data not shown). These findings indicate that promoter DNA methylation is not correlated with altered transcript levels of NDN, SNRPN, UBE3A, GABRB3 or CHRNA7 in SH(15M) cells.
Disruption of 15q11 -q13 homologous pairing in a maternal 15q duplication model
Homologous chromosomal association or pairing of maternal and paternal 15q11 -q13 alleles has previously been described in both lymphocytes (19) and neurons (20) and disrupted in the 15q dup brain (18) . Therefore, we investigated the impact of an extra maternal human chromosome 15 on normal interactions between maternal and paternal 15q11 -q13 alleles. In comparison with SH-SY5Y cells, SH(15M) cells displayed a significant reduction in the percentage of paired alleles for nuclei hybridized with a Vysis LSI GABRB3 probe (Fig. 3A and B). However, there was no difference in the percentage of paired alleles of nuclei hybridized with a control chromosome 15 pericentromeric CEP15 probe. Homologous pairing was not observed in either SH-SY5Y or SH(15M) cells hybridized with a non-15 control, a pericentromeric probe specific for chromosome 11 (CEP11; data not shown). Thus, the extra maternal human chromosome 15 in the SH(15M) cells conferred a specific effect on the nuclear organization of 15q11 -q13 and modeled the homologous pairing defect previously observed in the 15q duplication syndrome brain (18) . In addition, our observations indicate that homologous pairing of 15q11 -q13 could influence gene expression within the paired region.
Homologous pairing of 15q11 -q13 in the 3 ′ region of the GABRB3 gene
The mechanism of homologous pairing of 15q11 -q13 in neurons is poorly understood, but critical for understanding the changes in transcription that accompany the loss of homologous pairing in 15q duplication syndrome. To map the precise location and extent of 15q11 -q13 homologous pairing upon neuronal differentiation, we performed additional FISH analyses using nine different fluorescently labeled bacterial artificial chromosome (BAC) probes distributed over 9 Mb of 15q11 -q13 (Fig. 4A) . We measured the inter-chromosomal distances between FISH signals from each BAC probe both before (untreated) and 72 h after differentiation with PMA (PMA treated) (20) . In comparison with undifferentiated SH-SY5Y cells, a high percentage of nuclei displayed close interchromosomal distances (2 mm or less) at the GABRB3 locus following neuronal differentiation, as shown by a significant leftward shift in the distribution ( Fig. 4B-E) . In contrast to the significant decrease observed in inter-chromosome distances at GABRB3, the CYFIP locus showed the opposite pattern, with a significant increase in inter-chromosome distance following differentiation ( Fig. 4B-D) .
To narrow down the genomic region in which the homologous inter-chromosomal association was observed, we performed detailed frequency analyses of homologous allele distances across the GABA A R subunit gene cluster (Fig. 5A ). Homologous pairing of 15q11 -q13 was observed in the 3 ′ region of the GABRB3 gene, but not in GABRA5 and GABRG3 (Fig. 5B-D) . This in-depth analysis of multiple FISH probes therefore narrowed the locus of homologous interaction to a 500 kb region at the 3 ′ end of GABRB3, with significant changes in homologous pairing during SH-SY5Y differentiation limited to the region detected by a single BAC probe, GABRB3(2).
Because clustering of GABA A R subunit genes is well conserved on human chromosomes 4, 5, 15 and X, it has previously been hypothesized that the physical proximity of GABA A R subunit genes facilitates temporally and spatially coordinated expression (30) . Therefore, we wished to test whether the homologous chromosomal association is also conserved in other clusters of GABA A R subunit genes. To this end, the homologous pairing analyses were extended to GABA A R subunit genes on 4p12 and 5q34 (Supplementary Material, Fig. S2 ). Unlike 15q11 -q13, homologous pairings of 4p12 and 5q34 were not observed during neuronal differentiation. However, transcript levels for GABRG1 and GABRA4 on 4p12, and GABRG2 and GABRA6 on 5q34 were barely detectable in differentiated SH-SY5Y cells (data not shown). Cumulatively, our findings suggest that homologous chromosomal pairing in 15q11 -q13 coincides with increased expression of GABA A R subunit genes specifically in this locus during neuronal differentiation, as GABRB3 is highly expressed in differentiated SH-SY5Y cells (data not shown). Therefore, in order to investigate whether active transcription is necessary for homologous chromosomal pairing in 15q11 -q13, differentiated SH-SY5Y cells were treated with the transcriptional inhibitor a-amanitin. The observation that a-amanitin caused significant decreases in the percentage of paired alleles for nuclei hybridized with GABRB3 probe suggests that active transcription was required for homologous chromosomal pairing in 15q11 -q13 (Fig. 4F) .
Involvement of chromatin proteins MeCP2 and CTCF in regulation of 15q11 -q13 homologous pairing
Our observations raise the question as to which factors control the homologous pairing of 15q11-q13. Notably, we observed multiple binding sites for MeCP2 and CTCF in a 500 kb region between at the 3 ′ end of GABRB3. We used a shortinterfering RNA (siRNA)-mediated knockdown approach to directly test the role of MeCP2 in the homologous pairing of 15q11 -q13 by transiently depleting MeCP2 expression. MeCP2 protein depletion in differentiated SH-SY5Y cells was confirmed by western blot analysis and immunostaining ( Fig. 6A -C) and chr.15 -chr.15 interchromosomal distances were measured between FISH signals of GABRB3 and CEP15 probes (Fig. 6D) . Consistent with previous findings, homologous pairing at GABRB3 was significantly reduced in MeCP2 knockdown cells compared with non-targeting siRNA-treated cells (20) . Specifically, the two GABRB3 FISH signals were ≤2 mm apart in only 18.5% of MeCP2-deficient nuclei compared with 48.9% in control cells.
CTCF is also required for inter-and intra-chromosomal associations during genomic imprinting and X inactivation (31 -34) . A chromatin immunoprecipitation assay using a CTCF-specific antibody demonstrated that there are three CTCF-binding sites at the 3 ′ region of the GABRB3 gene (Supplementary Material, Fig. S3 ). Therefore, we examined whether CTCF deficiency affected homologous pairing at the GABRB3 locus in differentiated SH-SY5Y cells. Western blot and immunostaining analyses showed that CTCF was predominantly depleted at the protein level (Fig. 6E -G) . Interestingly, depletion of CTCF resulted in a significant reduction in the homologous pairing at GABRB3, and at CEP15 (Fig. 6H) . In contrast, knocking down RAD21 had no obvious effect on the homologous pairing of 15q11 -q13 (Supplementary Material, Fig. S4 ), although this protein has been reported to frequently accumulate at CTCF-binding sites (35) . These results suggest that MeCP2 and CTCF are essential mediators for the homologous pairing of 15q11 -q13.
DISCUSSION
Autism has been linked to the region on chromosome 15q11 -q13 that is responsible for the imprinting disorders PWS and AS (1, 3, 5) . Maternal 15q11 -q13 duplications are the most frequent cytogenetically detectable mutation associated with ASD (6 -9), but the molecular impact of 15q duplication in neurons has been difficult to assess because of the lack of an appropriate model system. While overexpression of maternally expressed UBE3A was predicted to be the major cause of the ASD phenotype in 15q duplication syndrome (36), Hogart and LaSalle (18) revealed that 15q11 -q13 transcripts in maternal 15q11 -q13 duplication brain samples were altered in a direction not predicted from maternal copy number gains. This led to the suggestion that an imbalance of 15q11 -q13 dosage can disrupt normal epigenetic pathways such as parental homologous pairing and DNA methylation status, changing gene 
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expression patterns within 15q11 -q13. Indeed, our prior study showed that various autosomal imbalances commonly affect neuronal differentiation through the dysregulation of gene expression (37) .
In this study, we made use of MMCT to generate a 15q11 -q13 maternal duplication model in a neuronal cell line to explore the molecular basis of epigenetic dysregulation in 15q dup syndrome. Using this MMCT method, a maternal copy of human chromosome 15 was successfully transferred into human SH-SY5Y neuronal cells. Currently, CNVs, including the 15q duplication, are beginning to provide some insights into the underlying genetic causes of neurodevelopmental disorders, in particular schizophrenia and ASD. However, the impact of CNVs on phenotypic expression remains largely unknown (38) . Therefore, this study takes an important step forward by using MMCT as an important tool to define the molecular effects of CNVs in a human neuronal cell line and demonstrating that a chromosome imbalance disrupts normal homologous pairing and alters gene expression patterns.
Quantitative RT -PCR analyses revealed significant alterations in gene expression of NDN, SNRPN, UBE3A, ATP10A, GABRB3 and CHRNA7 in SH(15M) cells, as has previously been observed in the brains of autistic patients (18). We did not find evidence for aberrant promoter DNA methylation of these genes to explain reduced transcription. Instead, we hypothesize that higher order epigenetic alterations at the level of inter-or intra-chromosomal associations lead to transcriptional down-regulation of individual genes in the 15q11 -q13 region in 15q duplication syndrome.
15q11 -q13 homologous pairing appears to be a recently evolved higher order epigenetic regulatory mechanism, as it ′ region of GABRB3 showed significant differences in homologous intrachromosomal distance frequencies between undifferentiated SH-SY5Y cells (solid line) and the PMA-treated differentiated SH-SY5Y cells (dotted line). In contrast, one probe from the GABRB3 gene body and two probes overlapping GABRA5 and GABRG3 did not show significant homologous pairing. The more centromeric GABRB3(1) probe showed a trend towards homologous pairing that was not significant.
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does not occur in the syntenic region in the mouse brain (20) or in lymphocytes of gorilla (39) . In this study, we also found no obvious evidence for homologous pairing at the Gabrb3 locus in mouse neurons (Supplementary Material, Fig. S5 ).
As previously suggested elsewhere, the most likely explanation for this discrepancy is that mouse 7qC (which is homologous to the 15q11 -q13 region) is not adjacent to ribosomal DNA (rDNA) genes as it is for the acrocentric human chromosome 15 (20) . In addition, the GABRB3 minimal pairing region defined in this study is highly conserved in chimp but not in mouse. These mouse -human discrepancies could begin to explain why the mouse model of 15q duplication syndrome unexpectedly showed an autism-like phenotype upon paternal transmission in opposition to what is observed in human 15q duplication patients (40) . Cumulatively, these findings suggest that there has been some divergence in the genetic and/or epigenetic mechanisms relevant to homologous pairing in the human 15q11 -q13 and mouse 7qC regions with potential relevance to autism. While the proximity of GABRB3 to the rDNA repeats on chromosome 15 may have been important in the recent evolution of homologous pairing of this locus, our study has shown that GABRB3 pairing cannot simply be explained as a byproduct of the perinucleolar organization of acrocentric chromosomes in humans, as has been previously suggested (39) . Interestingly, while both CEP15 and GABRB3 regions showed pairing, the effect of additional copy number of chromosome 15 on disrupting pairing was specific to GABRB3, not the rDNA adjacent CEP15, suggesting specificity to the GABRB3 pairing beyond the acrocentric effect. Furthermore, the single gene locus most proximal to the rDNA repeats, CYFIP, actually exhibited increased interchromosomal distances with SH-SY5Y differentiation, suggesting that neuronal differentiation induced dynamic locus-dependent chromatin changes that were not simply rDNA proximity effects. Lastly, while transcriptional inhibition reduced GABRB3 pairing, it had no significant effect on pairing at CEP15, demonstrating that GABRB3 pairing was an active occurrence independent from rDNA organization on human 15q11 -q13.
The loss of homologous pairing in the SH(15M) neuronal model led us to investigate the mechanism of homologous pairing in the 15q11 -q13 region and its relation to autism candidate genes. We narrowed down the region of homologous pairing of 15q11-q13 to the 3 ′ region of the GABRB3 gene. The GABA A R subunit genes, which encode for subunits of the receptor for the neurotransmitter GABA, are important autism candidate genes (30) . Interestingly, while GABA A R subunit genes are biallelically expressed in normal brain samples, at least one of these transcripts showed a gain of monoallelic or biased expression in half (4/8) of brain samples from autistic individuals, suggesting underlying epigenetic dysregulation (41) . The pairing region likely contains some key regulatory elements for homologous pairing of 15q11 -q13 which epigenetically control gene expression in the region. Our analyses revealed discrete MeCP2 and CTCF neuronal-binding sites within the GABRB3 pairing region were observed in this minimal homologous pairing region required for optimal 15q11 -q13 pairing. Differentiated SH-SY5Y cells showed dynamic changes in chromatin structure compared with undifferentiated cells, consistent with a model of active pairing and increased transcription of GABRB3 with differentiation. Interestingly, previous linkage analyses have shown a significant association between GABRB3 polymorphisms and autism (42, 43) . One such GABRB3 microsatellite has been localized to 60 kb beyond the 3 ′ end of the GABRB3 gene (44) that lies within the GABRB3 minimal pairing region and interacts with the maternal PWS-IC (Supplementary Material, Fig. S6 ). Interestingly, maternal transmission of a rare GABRB3 signal peptide variant has been recently observed in autism (45) .
Recent findings showed that CTCF and OCT4 together can mediate X-chromosome pairing, and the results of our homologous pairing analyses also suggest that CTCF can mediate specific inter-chromosomal associations in the 3 ′ region of the GABRB3 gene (34) . Indeed, we identified three potential CTCF-binding sites bordering the homologous pairing region. On the basis of our RNAi-mediated knockdown studies, we conclude that CTCF controls not only X chromosome pairing but also autosomal 15q11-q13 pairing. Although our study highlights CTCF as a central molecule in inter-chromosomal association, its exact role in the etiology of neurodevelopmental disorders remains uncertain. One recent study revealed that CTCF and cohesin complexes are necessary for establishing the chromatin structure required for brain-derived neurotrophic factor transcription (46) . Thus, there is already some evidence indicating how epigenetic factors such as CTCF and MeCP2 may play a role in complex psychiatric and neurodevelopmental disorders (16) .
It is plausible that MeCP2, such as CTCF, also controls the homologous pairing of 15q11 -q13. Mutations in MECP2 cause RTT, a neurodevelopmental disorder characterized by the loss of speech and acquired motor skills, stereotypical hand movements, and seizures during early childhood (47) . In addition, MECP2 mutations have been found in a few patients diagnosed with AS and autism, suggesting overlap in the pathogenesis of these distinct genetic syndromes (48, 49) . Consistent with phenotypic and genetic overlap among RTT, AS and autism patients, one previous study demonstrated significant defects in the expression of UBE3A and GABRB3 in brain samples from RTT, AS and autism patients (50) . Consistent with results of a previous study utilizing an oligonucleotide decoy approach, we demonstrated that homologous pairing at the GABRB3 locus was significantly impacted by siRNAmediated MeCP2 knockdown (20) . This finding suggests that inter-chromosomal associations such as homologous pairing are essential for precise gene expression of GABRB3 during neuronal differentiation. Further experiments are needed to determine how homologous pairing controls the expression of GABRB3 transcripts. In a simple model, homologous 15q11-q13 pairing might provide a transcriptionally positive environment by recruiting homologous alleles at the same transcription factory to increase neuronal gene expression by recycling positive factors at both alleles. Indeed, the transcriptional inhibitor a-amanitin caused a significant decrease in the homologous 15q11 -q13 pairing, further demonstrating the requirement of active transcription for homologous 15q11 -q13 pairing.
Recently, development of new techniques such as the chromosomal conformation capture (3C) assay has enabled description of long-range intra-chromosomal associations, such as those at the H19-Igf2 and Dlx5/Dlx6 loci (51, 52) . Similar intra-chromosomal associations have been proposed in the regulation of 15q11 -q13 genes because PWS-IC acts in cis to regulate paternal expression of MKRN3, MAGEL2, NDN and SNRPN genes within 15q11 -q13 (53) . In support of this hypothesis, our DNA-RNA FISH results showed that the PWS-IC makes an allele-specific association with the homologous pairing region of the GABRB3 locus in differentiated SH-SY5Y cells (Supplementary Material, Fig. S6 ). These results may indicate that the intra-chromosomal association between the PWS-IC and GABRB3 occurs on the maternal 15q11 -q13 allele. On the other hand, disassociation of the PWS-IC and GABRB3 is consistent with paternal allelespecific decondensation of chromatin at this locus during neuronal maturation (54) . We speculate that maternal 15q duplication might alter the intrachromosomal association between the PWS-IC and GABRB3, thus disrupting the coordinated gene regulation of 15q11 -q13.
In conclusion, 15q11 -q13 appears to be a useful model region for studying epigenetic pathways and mechanisms such as long-range chromatin organization and homologous pairing. Our observations imply that CNVs such as 15q duplication alter such epigenetic mechanisms, thus disrupting regulation of individual genes at the level of inter-and intra-chromosomal associations. In order to fully understand how CNVs affect the nucleus on a molecular level, it will be important to define chromosomal regulatory elements using diverse genetic approaches, such as MMCT. Furthermore, the characterization of MeCP2 as well as CTCF can reveal additional partners involved in regulation of inter-or intra-chromosomal associations. The investigation of such interplaying partners will help in designing potential drug targets, enabling the development of a therapeutic approach for the treatment of dup15q syndrome.
MATERIALS AND METHODS
Cell lines
A9 hybrids containing a maternal human chromosome 15 tagged with pSTneo were constructed as previously described (55) 
Microcell-mediated chromosome transfer
Introduction of an extra maternal human chromosome 15 into human SH-SY5Y neuronal cells was performed via MMCT, as previously described (56) . Briefly, microcells purified from 1 × 10 8 donor A9 cells containing a maternal human chromosome 15 were fused with SH-SY5Y cells using 47% polyethylene glycol 1000 (PEG1000: Mr 1000; Nakarai). SH-SY5Y microcell hybrid clones were selected individually in the DMEM/F12 medium supplemented with 15% FBS and 600 mg/ml of G418 for 2-3 weeks. These clones were usually maintained stably in culture under appropriate selective conditions. The introduction of maternal human chromosome 15 in SH-SY5Y cells was confirmed by PCR-RFLP analysis and cytogenetic analysis. The primers for RFLP analysis were 5 ′ -AGTGGGCTTCCCTC-ACTTCT-3 ′ (forward) and 5 ′ -CAGACAGGCTCCACTTAC-CC-3 ′ (reverse). Three independent SH-SY5Y cells with an extra maternal human chromosome 15 obtained from each chromosome transfer were selected for further expression and pairing analyses.
Cytogenetic analysis
To confirm the presence of the transferred human chromosome 15 in SH-SY5Y cells, FISH analysis was performed on fixed metaphase spreads of each SH-SY5Y clone using the Vysis LSI Prader-Willi/Angelman Region Probe (GABRB3) (Abbott, North Chicago, IL, USA), as described previously (21) . Chromosomes were counterstained with DAPI (Sigma, St Louis, MO, USA).
FISH and pairing assays
DNA FISH analysis was performed as described previously (54) . Briefly, FISH was conducted in SH-SY5Y neuroblasts and SH-SY5Y neurons differentiated by 72 h treatment with 16 nM PMA (20) . FISH probes for GABRB3 and CEP15 were obtained commercially from Vysis, but to determine precise locations of pairing, BAC probes were obtained (CHORI, Oakland, CA, USA). BAC DNA was labeled with Green-dUTP or Orange-dUTP (Abbott). BAC clones for FISH are as follow; RP11-69H14 (CYFIP1), RP11-373J1 (NDN), RP11-125E1 (SNRPN), RP11-171C8 (HBII-85),
), RP23-143O21 (Gabrb3, II) and RP23-459J11 (Gabrb3, III). A nick translation kit (Roche, Penzberg, Germany) was used to create probes, which were then hybridized to cells fixed in Histochoice (Amresco), then dehydrated in 70, 90 and 100% ethanol (10 min each) and dried at 508C. FISH probes were denatured with the fixed cells at 808C for 2 min and then hybridized overnight at 378C on cover-slipped slides. Cells were washed three times in 50% formamide/50% 2× SSC for 5 min, 2× SSC for 5 min and 2× SSC/0.1% IGEPAL for 5 min at 468C and then mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA) containing 5 mg/ml DAPI. To analyze pairing, we took digital images with a BX51 fluorescence microscope (Olympus, Tokyo, Japan) equipped with a RETIGA EXi CCD camera (Qimaging, Surrey, Canada); these were processed in iVision 4.0 software (BioVision Technologies, Exton, PA, USA). The iVision software was also used to measure distances between two signals. All FISH distances are measured in 2D in this study because 3D is less of a concern for neurons, which are relatively flat compared with round nuclei seen in lymphocytes. Although 2D may change some measurements, signals that are significantly closer than expected of random were likely to be close in 3D space. To simplify the analysis of homologous association or 'pairing' as has been described previously (19, 20) , nuclei with FISH signals ≤2 mm apart were scored as 'paired', while nuclei with two FISH signals .2 mm apart were scored as 'unpaired'. In case of SH(15M) cells, we measured the shortest inter-chromosomal distances between the three signals. Measurement and scoring of FISH signals were performed manually and results are averages of at least three independent scores per sample.
Gene expression analysis
Total RNA was extracted using RNeasy columns, according to the manufacturer's protocols (Qiagen, Hilden, Germany) and then treated with RNase-free DNase I (Takara, Kyoto, Japan). First-strand cDNA synthesis was carried out with random primers and SuperScript w III reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Quantitative RT -PCR was performed with GoTaq w qPCR Master Mix (Promega, Fitchburg, WI, USA) on a CFX384 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Three replicate reactions were conducted for each gene analyzed. Melting curve analysis was performed to ensure that a single product was amplified with each primer set. Relative expression levels of 15q11 -q13 transcripts were normalized by using the comparative Ct (DDCt) method and the geometric average of a set of two housekeeping genes (GAPDH and ACTB) by the Bio-Rad CFX manager software (version 1.5). Primer sequences are available on request.
RNAi knockdown
We carried out siRNA-mediated knockdown of MeCP2, CTCF and RAD21 proteins using Accell SMART pool siRNAs, Human Molecular Genetics, 2011, Vol. 20, No. 19 3807 according to the manufacturer's protocols (Dharmacon, Lafayette, CO, USA). Accell non-targeting siRNA was used in control knockdowns. Briefly, we plated SH-SY5Y cells onto Lab-Tek TM II-CC2 TM Chamber Slides (Nalge Nunc) and then incubated them for 72 h in serum-free Accell SMART pool transfection medium containing 1 mM of MeCP2, CTCF or RAD21 siRNAs. After 72 h of siRNA treatment, we replaced the medium with 1% serum-supplemented Accell medium containing 16 nm PMA and a pool of each siRNA, as appropriate. For pairing analysis and knockdown assessment, cells were fixed in Histochoice (Amresco) or harvested after an additional 72 h of incubation. MeCP2, CTCF and RAD21 knockdowns were confirmed by western blot analysis using rabbit antiMeCP2 (Diagenode, Sparta, NJ, USA), rabbit anti-CTCF (CST, Danvers, MA, USA), rabbit anti-RAD21 (CST) and rabbit anti-GAPDH (CST), with the appropriate rabbit secondary antibodies conjugated to horseradish peroxidase for detection (Bio-Rad). Immunostaining was conducted with anti-MeCP2, anti-CTCF and anti-RAD21, and detection was achieved with secondary Alexa Fluor 555-goat anti-rabbit or Alexa Fluor 488-goat anti-rabbit (Invitrogen).
DNA methylation analysis
We performed DNA methylation analysis using EpiTect w Bisulfite Kits (Qiagen), according to the manufacturer's protocols. Specific primers for the amplification of bisulfite-treated DNA were designed using MethPrimer (http://www.urogene.org/m ethprimer). PCR was performed using GoTaq w Master Mix (Promega). PCR conditions were as follows: 2 min hot start at 958C, followed by 32 cycles of denaturation at 958C for 30 s, annealing at 588C for 30 s and extension at 728C for 30 s. The PCR products were directly cloned into the pGEM w -T Easy vector (Promega). Twenty individual clones were sequenced from both ends using a 310 Genomic Analyzer (Applied Biosystems Inc., Foster City, CA, USA) according to the standard protocols. Primer sequences are available on request.
Chromatin immunoprecipitation
Chromatin was prepared from SH-SY5Y cells and purified by urea gradient centrifugation, as previously described (52) . Immunoprecipitation, reverse crosslinking and PCR amplification were also performed as previously described (52), with some modifications. Briefly, a panel of restriction enzymes (NEB, Ipswich, MA, USA) was used to digest chromatin into 100-700 bp DNA fragments. Digested chromatin was pre-cleared with Protein G Dynabeads (Invitrogen) alone, then with normal rabbit IgG (CST) and then finally with Protein G Dynabeads. Pre-cleared chromatin was incubated overnight with rabbit anti-CTCF or with equivalent amounts of normal rabbit IgG as a control for non-specific binding. PCR amplification was performed for 35 cycles with one-twentieth of the IP products. Primer sequences are available on request.
